Clinical and psychophysical observations indicate that the visual cortex is critical for the perception of color, form, depth, and movement. Little, however, is known about the cortical circuitry that underlies these functions in humans. In an attempt to learn more about these connections, we have traced projections of primary (V1) and secondary (V2) visual cortex in the postmortem, fixed human brain, using the fluorescent dye 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate as an axonal marker. The results show that V1 makes a forward projection to layers 3 and 4 of V2, and V2 projects back to layers 1, 2, 3, 5, and 6 of V1. Some V2 injections also show an input to layer 4B of V1. Projections to 4B probably originate from cytochrome oxidase (CO)-reactive stripes that we have identified in V2. Differential connections between CO-rich (blobs) and CO-poor regions (interblobs) also exist within V1; blobs are connected to blobs and interblobs are connected to interblobs. The results show that the connections in human visual cortex are similar to those of nonhuman primates and that their organization is consistent with the concept of multiple processing streams in the visual system.
The current understanding of the neuronal mechanisms that underlie the perception of color, form, and visual motion is derived to a large part from anatomical and physiological studies of nonhuman primates. These studies have shown that the visual system is composed of multiple processing streams that originate in the retina and that are linked to different subcortical and cortical areas (1, 2) . Little, however, is known about the anatomy ofthese pathways in humans and their cortical organization remains obscure.
Since Gennari's description of human striate cortex (V1) in 1782 (for review, see ref. 3) , progress on understanding the organization of its intracortical connections has been hindered by the limited usefulness of modern pathway tracing techniques in the human brain. In spite of this, important information on the internal organization of visual cortex was obtained from cytoarchitectural studies that revealed cortical layers and areal boundaries (4) (5) (6) (7) (8) . More recent studies, employing silver impregnation and staining techniques for visualizing cytochrome oxidase (CO) activity, have focused on the organization within layers. Human striate cortex has been shown to contain ocular dominance stripes, CO-rich blobs, and CO-poor interblobs (9, 10) . In the area that adjoins human V1, tangential patterns were shown with antibodies to specific antigens (11) . These patterns resemble the thick CO-rich stripes in secondary visual cortex (V2) of the monkey, which are known to provide input to the middle temporal area MT (12, 13) . In nonhuman primates several of these anatomical features have been associated with different functional streams and their identification in the human visual cortex offered the possibility to study these pathways in the human brain. To this end we injected visual cortex in postmortem, aldehyde-fixed tissue with the neuronal tracer 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (diI) (14) and related the local connections to the CO-staining patterns in V1 and V2.
METHODS
Pieces of occipital lobe containing striate and extrastriate visual cortex were obtained from four human brains (29, 44, 52 , and 85 years old, without known neurological disease). Within 14-30 hr postmortem, blocks of tissue were placed in a phosphate-buffered 3% paraformaldehyde solution containing 0.1 M lysine-HCI, 0.8% NaIO4 (15) , and 0.8% iodoacetic acid (16) for 24 hr at 4°C. In some cases, after a brief fixation, cortex was unfolded, flattened, and stored in fixative for a total of 24 hr. Striate cortex was identified grossly by the stria of Gennari, and crystals of the fluorescent dye diI (Molecular Probes) were placed with glass micropipettes at multiple sites into V1 and into a -1-cm-wide strip of cortex adjoining V1. This part of extrastriate cortex presumably corresponds to the vertical meridian representation of area V2 (17) . To allow for intramembranous axonal diffusion of the dye, the injected tissue was stored in phosphate buffer (0.1 M) for 2-8 weeks at 21°C. Subsequently, 60-,um sections were cut on a vibratome in planes parallel or orthogonal to the pial surface. Alternating, floating sections were stained for CO (18) mounted on glass slides, coverslipped with Aquamount (Polyscience), and viewed and photographed under a fluorescence microscope equipped with rhodamine optics. Uninjected tissue was cut on a freezing microtome, and mounted sections were stained for CO. Laminar and areal borders were identified on Nissl-or CO-stained sections (7, 10) .
RESULTS
Injection Sites and Neuronal Labeling. Forty-five injections were directed into cortex identified as V1 by the stria of Gennari. Injection sites were verified histologically by the characteristic Nissl-staining pattern of striate cortex (Fig.  lA) . Thirty-two injections were placed outside V1. Each of these was within -1 cm of the V1 border and was therefore considered to be in V2. In many cases areal assignments were confirmed on CO-stained sections, where V1 is distinguished by its regular pattern of darkly stained blobs and pale interblobs in layers 2 and 3 (Fig. 1B) . Area V2 is identified by the absence of blobs and the presence of CO-rich stripes in layers 3-5 (see Fig. SA ).
Injection sites were 0.25-1 mm in diameter and involved different layers (e.g., Fig. 1C ). Each injection resulted in labeled fibers and cell bodies (Fig. 2B) , distributed in specific and reproducible laminar and tangential patterns. Many projections could be followed to their terminations in targets up to 6 mm away from the injection site.
Local Projections in V1. The local labeling pattern after a large V1 injection involving layers 1-3 is shown in Fig. 1C . Fibers in layers 2 and 3 run parallel to the pial surface and terminate in nonuniform fashion 1-2 mm beyond the injection Abbreviations: dil, 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate; CO, cytochrome oxidase.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. site. Beneath the injection site, layer 4A is unlabeled. As in superficial layers, labeling in layers 4B and 5 spreads wider than the injection site and terminal density waxes and wanes in the horizontal plane. The projection to layer 6 is narrow and weak. Many fibers run vertically between layers, but only a narrow bundle descends from the injection site to the white matter. Similar laminar patterns were previously shown in monkey V1 (19) .
Injections largely confined to the stria of Gennari (layers 4B and upper 4C) result in different laminar patterns of labeling than superficial injections (Fig. 1D) . Fibers rise vertically from the injection site to terminate in a narrow region of layers 4A and 3; horizontal projections in layer 3 are widespread and appear uniform. Descending projections are similar to those seen with more superficial injections and terminate in layers 5 and 6.
Small injections revealed even more distinct projection patterns. Layer 3 injections, for example, result in striking sunburst patterns in the tangential plane ( Fig. 2A) . Fibers radiate away from the injection site and terminate in layers 2 and 3 in clusters 0.3-0.5 mm wide with a center-to-center spacing of 0.6-1 mm. In cases where the injection was Proc. Natl. Acad. Sci. USA 86 (1989) Neurobiology: Burkhalter and Bernardo confined to a blob the projections terminated preferentially within blobs and tended to avoid interblobs ( Fig. 3 A and B) . In contrast, after interblob injections (Fig. 3 C and D) fibers run away from the injection site and, as shown in the example in Fig. 3C , traverse a blob, enter an interblob region, and then turn toward the pia to terminate in a narrow column adjacent to another blob. This s ggests that the local connections within layers 2 and 3 are highly specific; blobs project to blobs and interblobs project to interblobs.
Connections Between V1 and V2. To study the laminar organization of projections between V1 and V2, we made larger injections into both areas close to the V1/V2 border. With V1 injections, a bundle of fibers would typically enter white matter beneath the injection site, cross the V1/V2 border, and ascend into gray matter of V2 terminating in -0.5-mm-wide clusters within layers 3 and 4 (Fig. 4A) . A large number of fibers also travel horizontally through gray matter to terminate in the same narrow region of V2. V2 injections give rise to a projection pattern in V1 that is different. As shown in Fig. 4B , a bundle of labeled fibers descends into white matter, but only a few fibers reenter gray matter after crossing the V1/V2 border. Instead, the vast majority of projection fibers run through gray matter and terminate in layers 1, 2, 3, 4B, 5, and 6, avoiding layers 4A and 4C. The terminals in layers 4B and 5 are distributed in nonuniform fashion, making -0.3-mm-wide clusters with a center-to-center spacing of 0.6-1 mm. In superficial layers terminal clusters are less obvious. Not every V2 injection results in the exact same projection pattern in V1. In several cases the projection is lacking a significant termination in layer 4B (Fig. 4C) .
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Local Projections in V2. The findings of clustered projections from V1 to V2 and of the laminar diversity in the projections from V2 to V1 suggest that the tangential organization in V2 is anatomically heteroge, eous. Indeed, staining V2 for CO revealed a regular pattern of dark (1-2.75 mm wide) and pale (1.5-2.75 mm wide) stripes running roughly orthogonal to the V1/V2 border (Fig. SA) . Although this organization is reminiscent of the CO pattern in V2 of nonhuman primates, which shows thin, thick, and pale stripes (20) , more work is needed to determine whether this tripartite organization also exists in humans.
As in the CO-stained material, the local connections in V2 also suggest compartmentalization. Evidence for this is shown in Fig. 5B . Here, after a diI injection into superficial V2, terminal clusters are visible in layers 2-5. Interestingly, these terminals are similarly disposed to those in monkey V2 (21) ; clusters only 0.3-0.5 mm wide are closely spaced and thus differ in size and spacing from the CO stripes. In addition, in the tangential plane the diI-labeled clusters are only slightly elongated and do not form obvious stripe-like arrays (Fig. SC) .
DISCUSSION
This report provides evidence that modern neuronal pathway tracing techniques can be used in experimental anatomical studies of the human brain. Although similar approaches have been tried before (2Z-24), specific connections within and between identified areas of human cerebral cortex have not been described. By using diI as a tracer in combination with CO histochemistry we have shown intracortical con- nectivity patterns and their relationship to anatomically and presumably also functionally different subdivisions of primary (25) and secondary (12, 13, 26) visual cortex. Although these connections were traced in fixed tissue (14) , they closely resemble those visualized with in vivo axon-tracing techniques in monkeys (27) (28) (29) . This strongly suggests that this approach will be useful for identifying alterations of neuronal connections associated with aging or neurological disorders. It is likely that it will also provide insights into the organization of functional areas not present in nonhuman brains (e.g., cortical areas that relate to speech).
Recent positron emission tomographical studies suggest that human cortex contains multiple visual areas that are selectively activated during specific tasks that involve vision (30) (31) (32) . Of these areas, only V1 has been anatomically identified (3) . We now report progress toward identification of area V2, demonstrating regular patterns of CO stripes, which are similar but not identical to those in monkey V2 (20, 25) . In addition, we have shown that the connections between V1 and V2 are reciprocal and that the input from V1 to V2 terminates in layers 3 and 4, whereas the return projection terminates in upper and lower layers. These asymmetric laminar patterns are known to exist in monkey visual cortex and are thought to represent forward and feedback projections (27, 28, 33) . Such connections define the relationships between different areas and indicate the direction of information flow through these areas of cortex (33) . Although the picture of interareal connectivity in human visual cortex is incomplete, the laminar organization of the connections between V1 and V2 suggests that visual areas are arranged hierarchically and that V2 represents a processing stage above V1.
Although the link between areas V1 and V2 suggests successive stages of cortical processing from one area to the next, the connectivity patterns between and within areas also provide information about the organization of different processing streams and their interactions (for review, see ref. 1). In monkey striate cortex, the M stream is linked to motion analysis. It flows through layer 4B to thick CO stripes in V2. Thick stripes in turn project back to 4B in V1 (34) . We have identified a similar projection from V2 to V1 in humans, although, at present, we do not know for certain whether this layer 4B projection originates in thick CO stripes. The results show that the presence of the layer 4B projection depends on the site of the injection, which could be due to the anatomical parcellation of V2 (Fig. 5A ). This is consistent with the interpretation that the layer 4B projection is part of the M stream and it suggests that its organization might be similar to that in monkeys.
We have also obtained information that relates to the organization of two additional streams: the B stream that in monkey flows through the blobs of V1 to the thin stripes of V2 and that processes color information, and the I stream that involves interblobs in V1 and the pale stripes in V2 and that performs color and form analysis. V1 injections restricted to interblobs have shown that the local projections from interblobs terminate preferentially in interblobs, whereas blob injections appear to label projections to nearby blobs and avoid interblobs. Thus, similar to the local connections in monkey V1 (29) , the projections from the two different compartments do not appear to mix. This suggests that, as in monkeys, human blobs and interblobs might belong to different functional systems that may correspond to the B stream and the I stream, respectively, of nonhuman primates.
In summary, the results suggest that, as in monkey, the human visual system is composed of three functional streams that course through cortex. At present, knowledge about these pathways is incomplete, but based on results in nonhuman primates (33, 34) it is tempting to speculate that the M stream might continue from V1 to parietal cortex and the B and I streams to inferotemporal areas. Such an organization could explain why tasks that depend on the perception of visual motion such as smooth eye movements (35) are impaired in patients with posterior parietal lesions (36) and why damage to inferotemporal cortex results in the loss of color and form recognition (37) (38) (39) .
